ABSTRACT
INTRODUCTION
Distribution network operators are facing considerable network investments in the near future due to the renewal of aging cable networks in cities and renewal of existing underground cables or replacement of overhead lines by underground cables in rural areas. The proliferation of e.g. distributed generation and electronic loads poses new challenges to maintaining the power quality in distribution networks. To focus the network renewals at the correct places in order to decrease the occurrence and duration of unplanned power interruptions and to maintain good power quality proactive network monitoring is becoming essential. Secondary substation is an ideal location to gather large amount of data from LV and MV networks. Secondary substation monitoring would be extremely useful both in MV and LV network fault location and damage assessment and in giving early warnings of incipient faults. This paper studies the potential of the wideband HFCT s e n s o r w h i c h c a n b e i n s t a l l e d a t M V s i d e o f t h e transformer for partial discharge (PD) monitoring, power quality (PQ) monitoring and disturbance recordings/fault location [1] . HFCT sensors lay the foundation of the novel cost-effective secondary substation monitoring concept presented earlier by the authors [2] . No sensors having expensive high voltage insulations are needed, which makes the solution cost-effective and reliable. In addition, a cost effective way of detecting phase-to-earth faults in the MV netw ork using the H FCT se nsors is demonstrated using the RTDS (Real-Time Digital Simulator).
MAIN FEATURES OF THE WIDEBAND MONITORING CONCEPT
Main features of the wideband monitoring concept are presented in Table 1 . IL, UL, I0 and In refer to MV phase currents, LV phase voltages, MV zero sequence (residual) current and LV neutral current, respectively. The architecture of the wideband monitoring system includes HFCT sensors for current measurements at MV side, resistive divider for voltage measurements at LV side and multichannel data acquisition unit for processing of the data as presented in [2] . However, this paper deals only with the MV-side quantities which depends heavily on the performance of the wideband HFCT sensors. 
EARTH FAULT LOCATION IN MV NETWORK
An earth fault takes place when one or several phases come in contact with the ground. It is quite common in MV distribution networks where about half of the faults are single-phase earth faults [3] . Early detection of these faults are necessary in order to avoid long outage durations. When an earth fault occurs, initial transient always takes place which has higher amplitude than the steady state fault current and a residual current increase is observed. Traditional protection and control IEDs are unable to detect transients due to high sampling frequency requirements [4] . The principle presented in this paper uses RMS-based detection method. It uses HFCT sensors developed by the authors [1] to measure the three phase currents and the residual current (I0). Such a detection scheme significantly reduces the component costs in the MV network since no voltage measurement is needed.
To describe the detection method, a radial distribution network simulation is performed in the RTDS environment. Figure 1 depicts the single line diagram of the network model used for earth fault detection. The modeled MV network is an isolated neutral network and it consists of four 10 km long underground cable feeders. M2…M4 shows measuring location of three phase currents using HFCT sensors at each secondary substation. M1 is located at MV substation. The fault is assumed to be located near the first secondary substation. Fault is simulated in each phase of the feeder one by one and measured at different locations as indicated by M 1 . . . M 4 . F i g u re 2 i l l u s t r a t e s t he c a s e w he re f a u l t i s simulated in phase L1 of the feeder and measured at M1. The initial transient phenomenon can be observed in all three phases. During the transient, current flows from one phase to another phase for compensating the change in the network [3] . However, the amplitude of the transient is higher in phase L1 due to the occurrence of the fault in the same phase. Furthermore, residual current (I0) is increased considerably, which is another indication of the earth fault. High frequency noise observed in the phase current derivatives are mainly due to the power electronics of the amplifier and the fact that the HFCT output is a derivative of the phase current (high frequencies are amplified). Numerical integration of the HFCT outputs reduces the noise. Figure 3 represents the integrated waveforms of the cases where faults occurred in all three phases and measured at M1. A change in the current amplitude of the faulty phase is clearly visible in all cases. A transient is observed in the healthy phases as well but they are quite stable. Due to the earth fault a part of the feeder current returns to the feeding substation via the earth, other feeders and their capacitances to earth which causes the residual current (I0) of the feeder to increase. Table 2 depicts detailed analysis of the RMS current of all phases before and after the earth fault measured at location M1. The residual current increases whenever there is a fault in any phase of the feeder. Additionally, RMS current of the respective faulty phase is increasing. Based on the RMS current of the individual feeder, faulty phase of the feeder can be easily identified.
Location of the fault can be estimated based on the proposed concept that the wideband monitor should be installed at each secondary substation [2] . As stated earlier, measurements are performed at different locations i . e . M 1 … M 4 i n o r d e r t o d e t e c t t h e e a r t h f a u l t . Table 3 shows the RMS current of the MV feeder with fault in the phase L1 only measured at all four locations. It is noticeable that M1 is located upstream from the fault so the change in the faulty phase current IL1 and I0 is clearly visible. Since M2 is located upstream of the fault and very close to the fault location, a higher IL1 as well as I0 can be witnessed. In contrast, measurement from M3 located downstream of the fault does not show significant change in the faulty phase IL1, w h e r e a s I 0 has small change. Similarly, measurement from M4 neither exhibits any change in faulty phase IL1 nor the residual current I0. Based on the higher RMS value measured at M2, it can be concluded that the fault is located close to secondary substation 1 upstream of the measurement. Cost-effective implementation of earth-fault detection is challenging. Due to the wideband nature of the HFCT sensor, earth fault detection is possible based on current measurements through retrofit install.
MV POWER QUALITY MONITORING
The HFCT sensors mainly developed for PD measurements also allow PQ measurement at frequency range below 2.5 kHz at the MV side of the secondary substation. Monitoring the load currents and harmonics on the secondary substations is useful for planning future network investments and e.g. transformer maintenance. Especially, feeders with industrial customers or high p e n e t r a t i o n o f D E R c a n b e m o n i t o r e d t o e x t r a c t t h e information about the harmonic current injection at secondary substation. It would be useful in locating potential causes of power quality problems, assessing the transformer loading and aging [5, 6] and the compliance with recommendations given e.g. in IEEE 519 or IEC 61000-3-6 [7, 8] .
Three HFCT sensors were installed at primary substation around a live 20 kV feeder phase conductors with load current 26 A for PD and PQ measurements. Additionally, a commercial power quality sensor LEM Flex (RR3030) was installed in one of the phases to compare the results. Figure 4 shows time-domain representation of the curre nts measured at 20 kV feeder by H FCT and the commercial power quality current sensor. Three HFCT sensors were measuring the three consecutive phases of one feeder and LEM was measuring only phase L3. The output of the LEM sensor is clean compared to HFCT outputs because it is already integrated. Let's take a closer look at the output of the HFCT sensor and LEM sensor measured at phase L3 of the feeder. Figure 5 depicts the current measurement of both sensors. HFCT sensor output is also integrated to obtain the actual power frequency current. It is visible that the output produced by HFCT sensor is quite identical to the LEM current sensor output. LEM output is more noise, partly In IEC 61000-4-7, 200 ms window is specified for harmonic measurement. Figure 6 represents the frequency-domain analysis of the 200 ms current measured at phase L3 by HFCT and LEM sensor. The fundamental frequency harmonics can be observed in the output of both sensors. It can be concluded that the performance of the HFCT sensor is adequate in the field for power quality measurement. It has shown similar results compared with the commercial power quality sensor in terms of the harmonics analysis. Harmonics increase the eddy current losses exponentially causing temperature rise of transformers. Hence, PQ measurements at MV side can help e.g. for estimating thermal loading and hot-spot temperature of the transformer. Moreover, it helps identifying potential power quality problems in the network, which is becoming increasingly important with the proliferation of distributed generation, electric vehicles and electronic loads.
PARTIAL DISCHARGE MONITORING
Partial discharge measurement is one of the most versatile tools for detecting incipient faults in transformers, switchgear and underground cables, terminations and joints. HFCT sensors were installed around a live 20 kV feeder phase conductors for PD measurements. The amplitude response of the HFCT sensor is optimized so that by a digital high pass filtering the partial discharges and other high frequency phenomena occurring in the MV network can be monitored with high sensitivity simultaneously with the power frequency current measurement. The HFCT sensors exhibit a flat amplitude response at a frequency range of 130 kHz…45 MHz [1] and as such they are excellent for partial discharge monitoring of underground cable networks. Figure 7 presents the high frequency (HF) information extracted from the measurement data presented in Figure 4 using a digital first order Butterworth high-pass filter having a corner frequency of fc = 25 kH z. F o r t he s ake o f c lari ty , hig h f re que nc y information is presented here only for three cycles. Due to the high-pass filtering the 50 Hz and harmonic frequencies are absent in channels L1…L3 and high frequency signals can be easily observed. In this case, only very small partial discharge activity can be observed in phase L3. with a load current of 80 A were connected to different busbars. In feeder 2, phase L3, high frequency impulses occurring at regular intervals caused by some power electronics device can be observed. The impulses occur at the zero crossings and the commutation notches visible in feeder 2, phase L3, power frequency current waveform presented in the bottom figure. Feeder 1, phases L1 and L3, are almost free of partial discharges and high frequency disturbances.
In conclusion, HFCT sensors have shown promising results in detecting PD and high frequency signals. They can be installed at secondary substation to monitor PD signals on MV cables carrying current up to 100 A over the frequency range of 130 kHz…45 MHz. It also enables the simultaneous recording of the 50 Hz and harmonic current which is a novel approach. The results indicate that using a suitable high-pass filtering partial discharge and high frequency information can be successfully extracted from the raw measurement data containing also power frequency information. 
CONCLUSION
Cost-effective wideband high frequency current transformer sensors have been introduced for measurement at MV side of secondary substation. HFCT sensors are the foundation of the novel secondary substation monitoring concept since they reduce the cost of measuring at MV side of the network. A successful testing of the sensors in the field has been carried out for measuring MV-side quantities as shown in Table 1 . The performance of the wideband HFCT sensor has fulfilled the expectations considering the fact that they can monitor PQ and PD and locate earth faults. Additionally, field measurements have proved that HFCT sensors do not experience any saturation when the maximum load current was 80 A.
Future work will concentrate on the development of the data acquisition unit to process the data in real-time. The secondary substation monitoring concept would fundamentally improve the possibilities of predicting and preventing component failures at secondary substations and connected feeders. Information on the voltage level and quality at secondary substations would be useful in network operation (e.g. to increase the hosting capacity of DG) and network planning.
